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ABSTRACT: Reduction or oxidation of a solid electrolyte (SE) by the electrodes of a battery can inject electrons or
holes into the SE, inducing unwanted electrical conductivity and/or precipitating harmful interfacial reactions. Here,
the likelihood for charge injection from a Li metal anode to 10 sulfide-based SEs is determined by computing the
positions of the SE’s band edges with respect to the electrochemical potential of the electrode. Although these SEs
exhibit large band gaps (>4 eV), nearly all are susceptible to electron injection. One notable exception is the B-
containing sulfide Li;BS;, which exhibits the greatest resistance to reduction. The trends in charge transfer stability
are compared to those for chemical stability with a Li anode and are found to be similar. The combined
characterization of chemical and charge transfer phenomena allows for a comprehensive assessment of interfacial
stability. The utility of this approach is demonstrated by interpreting recent experiments on the Li/Li,H,PO,/LGPS
interface system.

e

T he global stock of electrified vehicles (EVs) is rising electrodes, yet block electrons/holes from doing the same
rapidly, having exceeded 7.2 million in 2019, and with (which would result in self-discharge and/or short—circuiting).g
potentially 140 million EVs predicted to be in use by The electrically insulating nature of a SE is often described in
2030." This increase has been enabled by the advent of Li-ion terms of a SE’s band gap.'” However, a descripition based on
batteries. While Li-ion batteries exhibit the best combination of the bandgap alone is insufficient; rather the positions of the
energy density, rechargeability, and cost of any commercialized band edges—i.e., the conduction band minimum (CBM) and

battery chemistry, additional improvements in performance are
highly desirable. One potential mechanism for improving
performance is to replace commonly used flammable and
volatile liquid electrolytes with a safer solid electrolyte (SE).”
In addition, a SE can potentially enable the use of higher
capacity negative electrodes, such as Li metal (3860 mAh/g vs
372 mAh/g for graphite).”* Metal anodes are also an
important component in advanced battery concepts that utilize
sulfur or air cathodes.’

Among the various SEs, sulfides are noteworthy because of
their high ionic conductivities, low §rain—boundary resistance,
and favorable mechanical properties.”” An additional desirable
teature for SEs is the ability to resist charge injection from the
electrodes.® A viable SE should efficiently shuttle ions between

valence band maximum (VBM)—with respect to the electro-
chemical potentials of the electrodes that determines the
tendency of a SE to undergo charge injection/extraction.
Figure la illustrates the relative energy levels of electrons in
a battery’s electrodes and in a SE.” If the CBM is higher in
energy than the electrochemical potential of the anode (e.g,

Received: November 11, 2020
Accepted: December 7, 2020
Published: December 14, 2020

© 2020 American Chemical Society https://dx.doi.org/10.1021/acsenergylett.0c02372

W ACS Publications 150 ACS Energy Lett. 2021, 6, 150157

A


https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Haesun+Park"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Seungho+Yu"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Donald+J.+Siegel"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acsenergylett.0c02372&ref=pdf
https://pubs.acs.org/doi/10.1021/acsenergylett.0c02372?ref=pdf
https://pubs.acs.org/doi/10.1021/acsenergylett.0c02372?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acsenergylett.0c02372?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acsenergylett.0c02372?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/acsenergylett.0c02372?fig=tgr1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsenergylett.0c02372?fig=tgr1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsenergylett.0c02372?fig=tgr1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsenergylett.0c02372?fig=tgr1&ref=pdf
https://pubs.acs.org/toc/aelccp/6/1?ref=pdf
https://pubs.acs.org/toc/aelccp/6/1?ref=pdf
https://pubs.acs.org/toc/aelccp/6/1?ref=pdf
https://pubs.acs.org/toc/aelccp/6/1?ref=pdf
http://pubs.acs.org/journal/aelccp?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://dx.doi.org/10.1021/acsenergylett.0c02372?ref=pdf
https://http://pubs.acs.org/journal/aelccp?ref=pdf
https://http://pubs.acs.org/journal/aelccp?ref=pdf

ACS Energy Letters

http://pubs.acs.org/journal/aelccp

(a)

Vacuum Level

—
S Z

=~ CBM of stable SE
e )(

—~~

>

(0]

N

% Ha g
- Redution CBM of unstable SE S
3 E ©
S = a
ch Oxidation o
o e =
= VBM of unstable SE -.(E
o \ He o
uij f o
VBM of stable SE — = S

Q@

L

Anode SE Cathode

Vacuum Level

GGA+GW,
Pbuik alig.

0+A¢ GGA
> CBMpyi 0+ Ay,
GGA

slab

GGA+GW, GGA
....................... > VBMEGH+Wornp G4

CBMESA+GW, +Apgiy.
u GGA+GW,
bulk

Figure 1. (a) Electron energy levels in solid electrolytes and electrodes. Cross-hatched (filled) areas represent empty (occupied) electron
states. Blue and red lines depict the band edge positions for SEs that are stable and unstable, respectively. (b) Band edge alignment
procedure for calculating the positions of the CBM and VBM. Black and red corrugations represent the planar-averaged electrostatic
potentials for a surface slab and for the bulk, respectively. The gray arrow depicts the potential shift needed to align the electrostatic

potentials of the bulk cell to the bulk region in the surface slab.

the Li/Li* level, uy, = —1.39 eV vs vacuum),'’ then no
thermodynamic driving force exists for electron injection from
the anode into the SE, i, a Schottky barrier exists.'>
Conversely, if the position of the CBM and p, are reversed,
then reduction of the SE by the anode will be spontaneous.
Similarly, at the interface with the cathode, if the VBM of the
SE is lower in energy than the electrochemical potential of
cathode (e.g, yc), hole injection into the SE resulting from
electron injection in the cathode from the electrolyte is
thermodynamically unfavored. If the ordering of these levels is
reversed, then the cathode can oxidize the electrolyte, creating
holes in the SE. These charge injection processes—electron
insertion into the SE conduction band, or hole injection into
the valence band—can stimulate self-discharge or short
circuiting of the battery by introducing electronic charge
carriers into the SE. Thus, the position of a SE’s band edges,
relative to the electrochemical potentials of the electrodes, is
important for predicting the performance and stability of a
solid electrolyte. Similar considerations apply to polaronic
energy levels in the SE if the charge transferred to/from the
electrolyte is localized. In summary, knowledge of a SE’s
bandgap alone is insufficient to predict a SE’s tendency to
undergo charge-transfer-related failure modes.

Another important feature of SEs is their chemical stability
as a function of potential. The chemical stability window is the
potential range for which the SE and electrode materials are
more stable than any combination of competing phases formed
from chemical (decomposition) reactions involving the SE
and/or electrodes. Chemical stability can be calculated from
the Li grand potential phase diagram."’

The concepts of charge transfer and chemical stability are
complementary. For example, the electron transfer reactions
described in the preceding discussion may constitute an initial
step in a more extensive reaction cascade resulting in
decomposition of the SE in the interfacial region. On the
other hand, chemical decomposition often involves significant
mass transfer and may be limited by slow kinetics. Given that
electron transfer reactions can be rapid, the electronic charge
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transfer reactions may, in some cases, dominate over chemical
reactions. Finally, even in cases where chemical decomposition
does occur, charge transfer through an electronically insulating
product phase may still occur via tunneling if the interphase is
thin. Therefore, a more complete understanding of SE stability
can be achieved by considering both charge transfer and
chemical stability.””'* To date, few studies have characterized
the tendency for charge transfer between metal anodes and
QEg. 15717

The present study aims to predict the interfacial charge
transfer stability between sulfide SEs and Li metal anodes. This
is accomplished by predicting the absolute positions of the
band edges of the SEs and electrode using state-of-the-art first-
principles calculations. Bandgaps and absolute band edge
positions of 10 SEs were evaluated using many-body
perturbation theory.'*™*° Band edge positions were compared
to the Li/Li" electrochemical potential to predict the
propensity for reduction of a given SE by a Li metal anode.'>*!

Although the SEs examined exhibit bandgaps larger than 4
eV, all but one are predicted to be susceptible to electron
injection from Li metal, which is consistent with prior studies
on several of these compounds. For comparison, the chemical
interfacial stability with respect to Li was also evaluated as a
function of potential and was found to closely follow the trends
observed for charge transfer stability.””** The combination of
chemical and electochemical schemes allows for a thorough
assessment of interfacial stability. Out of the SEs examined,
Li;BS; is predicted to exhibit the greatest resistance to
reduction, with the CBM of the (100) facet of LiyBS,
predicted to be higher in energy than the Li/Li" level. These
results suggest that B-containing sulfides hold more promise as
SEs (relative to the other sulfides) in terms of their interfacial
stability.

Finally, charge transfer stability is discussed in the context of
interfacial coatings placed between the Li anode and a reactive
SE. Taking the Li/LiH,PO,/Li;GeP,S;, (LGPS)** system as
an example, it is shown that an LiH,PO, interlayer can block
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charge injection to the SE, potentially explaining the high
interfacial stability achieved when LiH,PO, is employed.

The position of the SE band edges, with respect to the
vacuum level, can be determined by aligning the electrostatic
potentials of a vacuum-slab supercell and that of a bulk cell
(see Figure 1b). Here, ¢p33" represents the planar-averaged
electrostatic potential of a SE slab evaluated within the
generalized gradient approximation (GGA). If the slab is of
sufficient thickness, the electrostatic potential within the
central region of the slab will have the same spatial dependence
as in the bulk, ¢Ej’f *GWo 35 determined by GW, calculations.
(Because the electronic orbitals used in the GW,, calculations
are based on a prior bulk GGA calculation, the bulk
electrostatic potential predicted by the GW,; method is
compatible with that of the slab calculation.) The bulk
electrostatic potential is aligned with that of the bulk region of
the slab by adding the alignment energy (A(ﬁggA). Finally,
adding the alignment energy to the bulk CBM and VBM level
(calculated by GGA+GW,) yields the positions of the band
edges referenced to the vacuum level, as summarized in the
following equations:

Adie™ = by — o
bulk region (1)
GGW+HGW, _ GGW+GW, GGA
VBM i L vac = VBMyy + Ady, (2)
GGW+GW, _ GGW+GW, GGA
CBM Lerevac = CBMyy + Ady, (3)

Table 1 summarizes the calculated bandgaps of the 10 SEs
examined in the present study. These values were determined

Table 1. SE Band Gaps Calculated Using the GW, Method

solid electrolyte band gap (eV)

Li,(GeP,S,, (LGPS) 4.09
Li,oSnP,S,, 4.02
Li,oSiP,S 5 428
7-Li;PS, 4.82
B-Li,PS, 5.04
Li,GeS, 4.50
Li,SnS, 4.03
Li,BS, 5.03
Li,B,S; 424
Li,S 5.52

using the GW; method with input wave functions determined
from a preceding Perdew—Burke—Ernzerhof (PBE)-based
calculation. A comparison of band gaps calculated with
different variants of the GW method (G,W, or GW) and
input wave functions is presented in Table S1 in the
Supporting Information. The combination of PBE wave
functions with the GW,, method was adopted here, because
of its ability to predict the absolute positions of band edges in
semiconductor materials with low error.”®

All of the SEs examined exhibit bandgaps greater than 4 eV.
These relatively large gaps imply that the intrinsic
compositions of these materials are likely to be electronic
insulators, with respect to thermal excitation of carriers. The
SE containing BS; or PS, complex anions, such as Li;BS; and
P-LisPS,, exhibit the largest bandgaps, approaching S eV. As
expected, the polymorphs of Li;PS, (- and y-), both of which
contain tetrahedral PS,’” anions, have similar band gaps,
differing by only ~0.2 eV. On the other hand, the chemically
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similar compounds Li,B,Ss and Li;BS; exhibit band gaps that
differ by 0.6 eV. This difference may arise from differences in
the composition and charge state of their respective complex
anions: in Li;BS; the anion units are comprised of BS;*~
clusters, while Li,B,S; is based on B,S;* anions. Another
noteworthy observation applies to the Sn-containing com-
pounds, Li;,SnP,S;, and Li,SnS,. These SE exhibit almost-
identical band gaps of 4.02 and 4.03 eV, respectively, which are
the smallest among the SEs exmained here. Hence, the
addition of P to Li,SnS, to form Li;,SnP,S,, does not change
the band gap. This insensitivity to P addition can be traced the
orbital nature of the band edges of Li;;SnP,S,,. The density of
states (DOS) plot in Figure Sl(a) in the Supporting
Information shows that, in Li;(SnP,S;,, both the VBM and
CBM are derived primarily from S orbitals, with much less
weight from P orbitals. This behavior is consistent with
marginal changes in the bandgap upon P addition. This
behavior differs from that of Li,GeS,/LGPS, where the
addition of P decreases the band gap by nearly 0.5 eV: 4.50
eV (Li,GeS,) — 4.09 eV (LGPS). The calculated density of
states (DOS) in Figure S1(b) in the Supporting Information
suggests that the sensitivity of the bandgap to P introduction
may be due to the nearly equal weight of P and Ge orbitals to
the CBM in LGPS.

Figure 2a illustrates the band-edge positions of SEs, with
respect to Li/Li". Red and blue bars represent the conduction
and valence bands for the lowest energy surface facets,
respectively. With the exception of Li,S, which is not a
superionic conductor, all of the SEs examined here have CBM
that are lower in energy than the electrochemical potential of
Li metal. Hence, based on thermodynamics, all are expected to
undergo electron injection from (i.e., be reduced by) a Li
anode. This conclusion holds, regardless of whether the
electrons are added to the SE reside in the conduction band, or
form new, localized states. The latter polarnic states will be
positioned below the CBM, and would thus exert an even
stronger driving force for electron transfer from the anode.

In the case of the Li;(XP,S;, family, where X = Sn, Ge, and
Si, all compositions have CBMs that are significantly lower in
energy (~1.3—2.3 eV) than the Li/Li" level. This behavior
implies that a strong energetic driving force exists for the
reduction of these SE by Li, in agreement with experiments.”
Furthermore, the positions of CBM of LGPS and Li;,SnP,S;,
are similar, implying that substituting Sn for Ge does not
change the electronic structure significantly. In contrast,
substituting Si for Ge in LGPS has a greater impact on the
electronic structure—Si substitution increases the CBM
position of LGPS by ~1 eV.

In the case of the LPS family, y- and $-LiyPS,, the CBM
positions fall below the Li electrochemical potential by 1.41
and 1.25 eV, respectively, which is similar to the behavior of
the Li;(XP,S;, family. Consequently, a large driving force for
charge injection exists. Varying the orientation of the surface
(through which charge transfer occurs) alters the CBM
position by ~1 eV, but these changes are not sufficient to
raise the CBM above the Li/Li" level.

The slightly higher positions of the CBM in Li,GeS, and
Li,SnS, imply that these SE are marginally more stable than are
the LPS polymorphs—yet still unstable in an absolute sense
against charge injection. This behavior holds even though their
respective band gaps are smaller than those of the LPS
polymorphs; this observation further highlights the greater
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Figure 2. (a) Calculated band edge positions of SEs. Red and blue bars represent the conduction and valence bands, respectively, for the
lowest energy surface facets (identified on the x-axis). Error bars represent the range of variations in the CBM due to changes in the
orientation and/or composition of the surface slab used in the calculation. The vacuum level is assigned a value of zero; the Li/Li* level is
represented with a dotted line. (b) Chemical stability window of SEs as a function of composition.

importance of the band edge positions, relative to band gaps in
determining stability against electronic charge transfer.

The Li—B—S containing solid electrolytes, Li,B,Ss and
Li;BS;, are predicted to be somewhat more resistant to
electron injection. These compositions are based on B,S¢*”
and BS;*” complex anions, respectively, which differ in
structure from the S-based tetrahedral anions (XS,) present
in all of the preceding systems. In the case of Li,B,Ss, the CBM
for the (001)-oriented surface is ~1 eV lower than the Li
electrochemical potential. While this represents improved
stability against charge injection, compared to the previously
discussed SEs, a relatively strong driving force for reduction
still exists. This instability also applies to the other facets of
Li,B,Ss.

In contrast, Li;BS; is predicted to exhibit the best stability
against undesirable charge transfer out of all of the SE
examined. For the lowest energy (100) facet of Li,BS; (surface
energy of 0.37 J/m?), the CBM is lower than Li/Li* level by
only 0.2 eV, which is the smallest among the SEs examined.
The highest energy (001) facet (surface energy of 0.54 J/m?) is
more prone to charge injection: its CBM is positioned 1.4 eV
lower than the Li/Li" level. This trend is reversed for the (010)
facet (surface energy of 0.44 J/m*), whose CBM is 0.5 eV
higher than Li/Li’, corresponding to the upper error bar in
Figure 2a. In this case, charge transfer from Li metal to SE is
thermodynamically unfavorable. Figure S2 in the Supporting
Information illustrates the equilibrium crystallite shape for
Li;BS; and shows that the stable intermediate-energy (010)
facet comprises a sizable fraction of the crystalite area. A recent
study based on ab initio molecular dynamics (MD)*® claimed
that Li,B,S; and Li;BS; exhibit high ionic conductivities of 9.7
and 2 mS/cm, respectively, at room temperature. Nudged
elastic band calculations of the Li migration barrier in Li;BS;
found values less than 0.25 eV.”” The present analysis also
suggests that Li;BS; exhibits promising stability, with respect
to charge injection from Li. Taken together, these data suggest
that Li;BS; may be a SE whose performance warrants
additional experimental scrutiny.

Although not a fast Li-ion conductor, for reference, the
band-edge positions of Li,S are also plotted in Figure 2.
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Consistent with experimental data suggesting that Li,S is not
reduced by Li metal,” the CBM of Li,S is predicted to be
positioned at higher energies than the Li/Li* level.

Regarding the resistance of the SE to oxidation by a cathode,
it is noteworthy that the VBM all of the SE examined here
(shown as blue bars in Figure 2a) are positioned at very low
energies, relative to the Li electrochemical potential: generally,
the VBM are 5.2—6.4 eV lower in energy (or, equivalently,
5.2—6.4 V more positive in potential) than Li/Li*. Typical Li-
ion battery cathodes operate in the range of 3.5—4.2 V vs Li/
Li*.*® The average positions of the VBM for the sulfide SE
examined here are 2.2 and 1.5 eV lower in energy, respectively,
than the corresponding electrochemical potentials of 3.5 and
4.2 V cathodes. Hence, these SEs are predicted to be resistant
to charge extraction by commonly used cathode materials.

Figure 2b shows the chemical stability windows of the SEs,
as a function of cell voltage. The SEs are predicted to be stable
against decomposition and/or reaction with a Li metal anode
for the voltage ranges spanned by the yellow bars. The
windows for some of the SEs examined here (Li,,SnP,S,,,
LGPS, Li;(SiP,S;,, LisPS, polymorphs, Li,GeS,, and Li,S)
have been reported elsewhere,” and the present results are
similar to prior studies. However, to our knowledge, the
stabilty windows of the B-based SEs and for Li,SnS, have not
been reported.

Regarding chemical stability with respect to reduction by a
Li anode, all of the SE examined here are predicted to react/
decompose at voltages of <1.9 V (at worst) to 1.6 V (at best),
with respect to Li/Li*. Li,S is predicted to be the only
compound that is stable at 0 V; however, as discussed above, it
is not a superionic conductor. The poor chemical stability of
the sulfides against Li roughly mimics the trends in resistance
to charge injection. For example, the chemical (Figure 2b) and
charge transfer (Figure 2a) stabilities of Li;BS; and Li,GeS,
predicted by both metrics suggest that these are the two most
stable SEs (against a Li anode). In a similar vein, Li;(SnP,S;; is
predicted by both metrics to be the least stable. On average,
the sulfides examined here are predicted to undergo reductive
charge transfer from Li for electrode potentials less than 1.12
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ACS Energy Lett. 2021, 6, 150—157


http://pubs.acs.org/doi/suppl/10.1021/acsenergylett.0c02372/suppl_file/nz0c02372_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsenergylett.0c02372?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsenergylett.0c02372?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsenergylett.0c02372?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsenergylett.0c02372?fig=fig2&ref=pdf
http://pubs.acs.org/journal/aelccp?ref=pdf
https://dx.doi.org/10.1021/acsenergylett.0c02372?ref=pdf

ACS Energy Letters

http://pubs.acs.org/journal/aelccp

(£ 0.8) V vs Li/Li". This value is roughly similar to the average
chemical stability limit for reduction (1.76 (£ 0.7) V).

Although the charge transfer stability of Li ,SnP,S;, and
Li,(GeP,S,, are similar, differences in their chemical
composition can influence which phases form, should these
SE chemically decompose. These decomposition products
could be more or less stable (again, depending on the
composition), and these differences in phase stability will
impact their overall chemical stabilities. Hence, it is possible
that compounds having similar band-edge positions (and, thus,
similar charge-transfer stability) may still exhibit different
chemical stabilities, although, as shown here, the overall trends
between the two stability types are similar.

More broadly, none of the SE examined here are predicted
to be chemically stable at high voltages. At best, in the case of
7-Li;PS,, these compounds are stable up to ~2.4 V; at worst, in
the case of LGPS, stability is maintained only up to ~2.1 V.
Overall, the maximum range of the chemical stability window
(the voltage range over which a SE is resistant to both
oxidation and reduction reactions) of the surfide SE examined
here is very narrow, spanning only from 1.6 V to 2.4 V.
Moreover, the trends in oxidative stability for the sulfides differ
qualitatively from their stability against charge extraction;
however, none of the SE examined here are chemically stable
against a typical high-voltage cathode (Figure 2b), and all are
predicted to be stable, with respect to electron extraction
(Figure 2a). This suggests that chemical oxidative stability with
the cathode is the primary limiting factor for these SEs
(assuming the kinetics of these reactions are not sluggish).

Given the poor stability of the sulfide SE at low potentials,
several studies have investigated the use of coatings
(positioned between the SE and Li electrode) to prevent
these SE from reacting with Li.****73% For example, Li,H,PO,
(LHPO) has been proposed as a coating between Li and
LGPS.” Li grand potential phase diagram calculations predict
that LHPO should decompose to form Li,O, Li;P, and LiH
when it directly contacts Li metal.*® Nevertheless, decom-
position of LHPO was not observed in experiments, and,
concomitantly, the interfacial resistance decreased and the
cycling performance improved, in comparison to the cell where
LHPO an coating was not used.”*

Figure 3 illustrates the positions of the Li/Li* electro-
chemical potential, and the calculated positions of the CBMs

Anode | Coating | SE
.............................................. v Level
LI |iH2p ")4 LGPS ‘acuum Level
o CBM
§ 0.8eV
[0 e
S Ha
c
o
©
<@
i 2.0eV
”””””””” CBM

Figure 3. Positions of the electrochemical potential of a Li anode
(p4), the CBM of a LHPO coating, and the CBM of a LGPS SE.
The hatched areas represent unfilled electron states. The energy
gaps between y, and the CBM are indicated.

of LHPO and LGPS. These calculations reveal that the Li/Li*
level is 0.8 eV lower in energy than is the CBM of LHPO.
Thus, electron transfer from Li to LHPO is energetically
unfavorable. By acting as an intervening barrier to electron
transfer, LHPO can suppress the reduction of LGPS, whose
CBM is ~2 eV lower in energy than the Li electrochemical
potential.

Taken together, these observations suggest that the good
performance observed for the Li/LHPO/LGPS system
experimentally”® derived from a combination of (a) slow
mass transport, which kinetically hinders the tendency for
LHPO to chemically react at low voltages,*® and (b) the high
energy of the LHPO CBM, which hinders change transfer from
the anode, and ultimately into LGPS. To achieve a complete
understanding of the stability of this interfacial system, it is
desirable to consider both chemical and charge-transfer
stability, as demonstrated here.

In closing, the reduction or oxidation of a solid electrolyte
(SE) by the electrodes of a battery can induce unwanted
electrical conductivity and/or precipitate harmful interfacial
reactions. The present study has evaluated the likelihood for
charge injection from a Li metal anode to 10 sulfide-based SEs
by computing the positions of the SE’s band edges with respect
to the electrochemical potential of the electrode. Although
these SEs exhibit large band gaps (>4 eV), nearly all are
susceptible to electron injection; the greatest resistance to
reduction is exhibited by the B-containing sulfide Li;BS;.
Notably, the trends in charge-transfer stability from a Li anode
to the SE are similar to those for interfacial chemical stability.

Trends in oxidative stability for the sulfides differ
qualitatively from their stability against charge extraction:
while none of the SE examined here are chemically stable
against high-voltage cathodes, all are predicted to be stable
with respect to electron extraction. Assuming that chemical
kinetics are not slow, this suggests that chemical oxidative
stability with the cathode is the primary limiting factor for
these SEs.

The combined characterization of chemical and charge
transfer phenomena allows for a thorough assessment of
interfacial stability. As an example of this approach, an analysis
based on band-edge positions is used to clarify the role of
coatings that have been reported to stabilize the interface
between Li and LGPS. In particular, the improvements in
performance in the presence of an LHPO interlayer are
attributed to favorable band-edge alignment. Although LGPS
has a low CBM and is thus susceptible to electron transfer
from Li, an intervening layer of LHPO can block this charge
transfer because its CBM is higher in energy than the Li
electrochemical potential. Thus, charge injection into SEs can
be prevented by identifying interlayer coatings having CBMs
with high energies.

B METHODS

Bandgaps and the positions of the conduction and valence
band edges of 10 model SSEs (LGPS, Li,oSnP,S,,, Li;(SiP,S;,,
p- and y-Li,PS,, Li,GeS,, Li,SnS,, Li;BS;, Li,B,S,, and Li,S)
were evaluated using DFT®” and quasi-particle methods,"®™>"
as implemented in the Vienna Ab initio Simulation Package.*®
The semilocal PBE-GGA™ or the HSE06 hybrid func-
tional*”*" were used to predict structural properties and
input wave functions for subsequent GW-based calculations.
The planewave cutoff energy was set as follows: 300 eV for
LGPS, Li;(SnP,S,,, Li,(SiP,S,,, f- and y-Li;PS,, Li,GeS,, and
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Li,SnS,; 350 eV for LizBS; and Li,B,Ss; and 450 eV for Li,S.
I'-centered k-point sampling grids were used in combination
with the following k-point grid densities: 2 X 2 X 1 (for LGPS,
Li;oSnP,S,,, Li;SiP,S,,, Li,GeS,, and Li,SnS,); 2 X 2 X 2 (for
7-LiyPS,, Li;BS,, and Li,B,S;); 3 X 3 X 3 (for B-LiyPS,); and 4
X 4 X 4 (for Li,S).

Li lattice sites in LGPS are partially occupied. Supercell
models accounting for this partial occupancy were constructed
using pymatgen.”>”> Five hundred (500) structural candidates
for LGPS were generated, consistent with the prescribed
stoichiometry. The internal degrees of freedom for these
structures were relaxed to a force tolerance of 0.01 eV/A. The
most stable structure (having lowest total energy) was
identified. Figure S3 in the Supporting Information shows
the energy per atom of the 500 candidate structures. The
lowest energy structure agrees with that reported in a recent
DFT study;" in this structure, the edges of LiSq polyhedra are
shared by Ge or P. The 14 Li atoms present in the cell are
located in four channels, with three or four ions per channel.
Figure S4(a) in the Supporting Information illustrates the Li
atom distribution in these channels (which are oriented along
the z-direction). Unfortunately, the presence of Li partial
occupancies complicates the construction of vacuum slabs that
have identical compositions on both surfaces (see Figure
S4(a)). Surfaces having different compositions will result in the
formation of an undesirable dipole within the simulation cell.
Furthermore, identical surface compositions are needed to
unambiguously identify the band-edge positions. Symmetric
surface slabs were constructed by arranging the Li atoms
within the bulk conducting channels symmetrically, with
respect to (010) and (110) planes (Figure S4(b) in the
Supporting Information). The total energy of this symmetrized
bulk structure (shown as a red line in Figure S3) is 2 meV/
atom higher than that of the lowest energy structure identified.

Crystal structures for Li;oMP,S;, (M = Sn, Si) were
generarted by substituting for Ge in LGPS with Sn or Si.'’
Equilibrium cell volumes were determined by fitting volume-
energy data to the Murnaghan equation of state,”> while
relaxing the atom positions to a force tolerance of 0.01 eV/A.

DFT-GGA, hybrid functionals, and GW methods'®™2° were
used to predict the bandgaps of SEs. Table SI in the
Supporting Information summarizes the calculated bandgaps,
as a function of the calculation method. Among the several
GW variants, the PBE+GW, variant™ was adopted, because of
its ability to accurately reproduce experimental band offsets.*
A large number of empty bands were used in the calculations
to accurately predict the band-edge positions:*® Four thousand
four hundred (4400) bands were used for LGPS, Li;,SnP,S,,,
Li;(SiP,S,,, 4200 for Li;BS,, Li,B,Ss, 4000 for A-LisPS,, 3360
for y-LiyPS,, Li,GeS,, Li,SnS,, and 528 for Li,S. These values
were determined by running a series of PBE+GyW,
calculations and incrementally increasing the number of
bands until the band gap and band edges converged to within
0.02—0.03 meV/band. Using this same convergence criterion,
the number of frequency points was set to S0.

The identification of low-energy surfaces of the SE is
required for establishing band-edge positions. Surface energies
were calculated for the following SE/surface normal combina-
tions: LGPS ([010], [110]), Li,SnP,S;, ([010], [110]),
LiyoSiP,S,, ([010], [110]), f-LisPS, ([100], [010], [001]), 7-
Li,PS, ([100], [010]), Li,GeS, ([100], [010]), Li,SnS,
([100], [010]), Li,B,S; ([100], [001], [110]), Li;BS;
(foo1], [010], [100]), and Li,S ([111]). The low energy
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surface of Li,S was adopted from our previous work.*” The
surface energies were calculated as a function of the Li
chemical potential. The chemical potential of Li (y;) in a SE
in contact with Li metal is assumed to be set by the energy per
atom in bulk BCC Li (u;(BCC Li)), i.e., equilibrium with Li
metal is assumed.”® The surface energies (ygg) can be
expressed as

= Eslab - nLi/’lLi - Z niﬂi

i (4)
where Eg,, is the total energy surface slab, n; is the number of
atoms of type i in the slab (excluding Li), and y; is the
corresponding chemical potential. The chemical potentials of
the non-Li elements were evaluated assuming that each SE was
in equilibrium with their competing phases (see the
Supporting Information for additional details). Because of
their structural similarities, the surfaces of Li;,SnP,S;, and
Li;,SiP,S;, adopted the same structure as the [010] and [110]
surfaces of LGPS. The lowest-energy surface for each
compound was used to evaluate its band-edge positions.

Yep(Hy;)
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